Abstract-Shear-horizontal (SH) wave is commonly used in monitoring and detecting steel plate structures. Electromagnetic acoustic transducer (EMAT) based on magnetostriction owns higher transducing efficiency and can be applied in non-contact situations. In some practical applications, it is necessary to inspect the structure on a specific direction and the inspecting direction is required to be variable and accurately controllable. This work proposes a novel direction-controllable EMAT for SH0 mode waves based on magnetostriction. Theoretical foundation and analysis on the magnetostriction model of the new EMAT and working parameters determination are conducted. The detailed structure and design of the new EMAT are presented, with the pre-magnetized open annular nickel strap bonded to the steel plate providing the circumferential static bias magnetic field, and the cooperation of embedded conductors in the rotating slider and open metal rings providing the dynamic magnetic field. Besides, the experimental system for the performance verification of the new EMAT is setup. Three indexes, the dead zone angle, focus angle and consistency error are defined to evaluate the performance quantitatively. The dead zone angle of the new EMAT is 28.74 • ; the focus angle is 10.7 • ; the consistency error is only 1.4%. Experimental results show that the proposed direction-controllable EMAT is highly directional. The stimulating direction can be accurately controlled, and the circumferential consistency is fairly high. The direction-controllable EMAT can hopefully provide a practical solution for directional monitoring and inspecting for steel plate structures.
INTRODUCTION
Non-destructive testing and evaluation play a significant role in monitoring and inspecting the safety and integrity of structural components [1, 2] . On account of prominent properties on large-area scanning, ultrasonic guided wave (GW) has been importantly applied in the fast inspection for metal structures such as industrial plates and pipes in recent years [3] [4] [5] [6] . Shear-horizontal (SH) wave is one of the commonly used types of GW with the advantage of being free of mode conversion during the propagation and when reflection occurs at the medium interface [7] . The multi-modes characteristics and dispersion phenomenon of GW can make it really complex to analyze the detection signals of defects [8, 9] . But SH0 mode GW is free of dispersion, and the group velocity is a constant for the given materials and parameters of the structure, instead of varying with the working frequency [10] . This feature of SH0 mode GW lays the theoretical foundation for accurate detection of defects by SH0 mode wave [11] .
Piezoelectric transducers are commonly used for transmitting and receiving GW [12, 13] . But liquid couplant is needed for the transduction process in piezoelectric transducers, and this confines their application in some non-contact and high temperature situations [14] . Electromagnetic acoustic transducer (EMAT) has been developed recently to overcome the above shortcomings by electromagnetic coupling, with advantages of being able to control the modes of stimulated GW by different designs of bias magnetic fields and coils [15, 16] . Magnetostriction plays a dominant role in the transduction mechanism of EMAT for steel structures and owns relatively higher transducing efficiency compared with that based on Lorentz force [17] .
Researches about EMAT or other types of transducers are mainly focused on the performance improvement [18, 19] , including the directionality of the stimulated GW. Seung et al. proposed an omnidirectional SH wave EMAT using a pair of ring-type permanent magnets [20] . Wilcox et al. designed an omnidirectional EMAT array for the fast inspection of metallic plate [21] . An innerdigital transducer type Lamb wave sensor was proposed by Roh and Kim, which was more readily controllable than conventional piezoelectric sensors [22] . A type of annular transducer array was applied in Masuyama et al.'s work to generate a narrow beam with given radiation direction by numerical calculation [23] . In previously published papers, the directionalities of EMAT are mostly omnidirectional [24] , but the detection along particular given direction can hardly be accurately controlled. However, in some practical situations, it is necessary to conduct GW testing on a specific direction of the structure, and the detecting direction is required to be variable and accurately controllable. This contradiction desiderates a practical and feasible solution to accurately control the direction of GW and cover almost all directions as sufficient as possible.
In this work, a novel direction-controllable EMAT for SH waves in steel plate based on magnetostriction is proposed. The theoretical foundation of SH waves and magnetostriction model of EMAT are analyzed. And the structure of the direction-controllable EMAT is demonstrated in detail. In order to evaluate the performance of the new EMAT quantitatively, three indexes which are the dead zone angle, focus angle and consistency error are defined and calculated. Besides, the experimental system for the performance verification was set up, and related experiments were conducted.
THEORETICAL ANALYSIS
In order to optimize the performance of the direction-controllable EMAT, the working points of SH waves and parameters of EMAT need to be firstly determined. Based on dispersion equations of GW [8] , Fig. 1 illustrates the dispersion curves of SH waves for a 4 mm thick steel plate, in which the longitudinal wave velocity is configured as 5940 m/s, and the transverse wave velocity is configured as 3200 m/s. It can be indicated in Fig. 1 that neither the phase velocity nor the group velocity of SH0 mode wave changes with the working frequency. Instead, both of them remain a constant of 3200 m/s. And the working point is selected as 320 kHz, at which only SH0 mode wave exists, and this configuration can avoid the interference of multi-modes SH waves. Besides, for SH waves, mode conversion will not occur during the propagation process or at the interface of two different mediums. Therefore, SH0 mode wave at the working frequency 320 kHz is selected to inspect the 4 mm thick steel plate.
Magnetostriction usually takes a dominant role for stimulating GW in ferromagnetic materials, because of the higher transduction efficiency, especially in relatively weak magnetic situations [17] . The magnetostriction model for EMAT is illustrated in Fig. 2 . And the EMAT is composed of three parts: the static bias magnetic field, coil with alternating current and ferromagnetic material being tested. In the magnetostriction model, the static bias magnetic field can be provided by a permanent magnet, an electromagnet or a kind of magnetic material that is pre-magnetized. The dynamic magnetic field is induced by the alternating current in the contra-flexure coil. And the static bias magnetic field is vertical to the dynamic magnetic field. The shape of the magnetic domain will be alternately deformed due to the alternately changing resultant magnetic field. The alternate deformation gives rise to the local vibration of the material being tested, and the GW is then stimulated. The GW will propagate along the direction that is vertical to the static bias magnetic field and be confined in the range of the width of the contra-flexure coil. The GW can be received based on the inverse magnetostriction.
THE DESIGN OF THE DIRECTION-CONTROLLABLE EMAT
Based on the working point of SH0 mode wave and the magnetostriction model for EMAT, the structure of the direction controllable EMAT is illustrated in Fig. 3 . The shell of the direction controllable EMAT is in a cylindrical shape, and the direction rotary knob in the center of the top surface outside the shell is to accurately control the direction of the stimulated SH0 waves. The shaft is directly connected to the direction rotary knob, and it will rotate with the knob. The shaft is fixed in the vertical direction by bearings from the shell and the supporting, which is installed on the shell.
The rotating slider is installed on the shaft, and it will rotate along the circumferential direction with the shaft and keep pace with the direction rotary knob. A detailed view of the rotating slider part is illustrated in Fig. 3 by the dotted lines below the rotating slider shown in Fig. 4 . And the current coils work in a similar way to the contra-flexure coils in the magnetostriction EMAT model in Fig. 2 , being energized by the alternating current and providing the dynamic magnetic field. The static bias magnetic field H is in the circumferential direction, and it is provided by the remanence of the open annular nickel strap, which is previously magnetized in the circumferential direction. Based on the magnetostriction model, SH waves will be stimulated in the radial direction, and the majority of the SH waves energy will be confined in the range of the width of the rotating slider. Therefore, when the rotating slider rotates circumferentially on the open metal rings, SH waves can be stimulated at desired directions, and the propagating directions of SH waves can be accurately controlled by the direction rotary knob outside the shell. Based on the working point selected in Fig. 1 , the working frequency f of the new EMAT is 320 kHz, and the group velocity c of SH0 waves is 3200 m/s. The wavelength λ of SH0 waves can be calculated
Therefore, the wavelength of the stimulated SH0 waves is 1 cm. In order to generate pure SH0 mode waves and enhance the amplitude of the SH0 waves, the distance d between any two adjacent open metal rings should be
The reason for this relationship is that the current phase difference in any two adjacent open metal rings is π, which is half cycle, so the phase difference of the dynamic magnetic fields is also half cycle. If the distance d is set as odd times of the half wavelength, the vibrations induced by these two SH waves have the same phase and will constantly reinforce each other, which can effectively enhance the amplitude of the generated SH0 waves [25] . So the distance d is set as 0.5 cm.
Because a radial gap exists between the two poles of the open annular nickel strap, there will be a circumferential angle range that the rotating slider cannot reach, which forms a direction dead zone for the direction-controllable EMAT. 
For the direction-controllable EMAT in this work, the width of the rotating slider w s is 1 cm; the width of radial gap of the open annular nickel strap w n is 0.5 cm; the inside radius of the open annular nickel strap r n is 3 cm, so the dead zone angle is about 28.74 • . The dead zone angle is practically defined by the physical structure of the direction-controllable EMAT, where a radial gap exists between the two poles of the open annular nickel strap. The rotating slider should not cover the gap because it violates the magnetostriction model of the EMAT, and guided waves cannot be generated in this situation. The theoretical analysis or calculation, i.e., Equation (3), is almost totally based on the physical definition of the direction dead zone. Therefore, the calculation result of Equation (3) 
EXPERIMENTS ABOUT THE PERFORMANCE OF THE NEW EMAT
Circumferential consistency, directionality and its focus level are important performance indexes for the direction-controllable EMAT. Some experiments will be conducted in this part to verify the superiority of the related indexes. Fig. 6 shows the schematic diagram and a photo of the experimental system. The direction-controllable EMAT is installed on the 4 mm thick steel plate, and the current coils are excited by the power amplifier, whose parameters such as the excitation voltage, frequency and number of cycles are controlled by the PC. The excitation voltage is 80 V, the number of cycles 10, and the working frequency 320 kHz. According to the previously defined dead zone angle of the EMAT and the preset angle coordinate system, the working angles that the EMAT can cover are from 284.37 • to 255.63 • , rotating anticlockwise. Totally 24 omnidirectional receivers [25] are uniformly distributed along the circumference centered at the direction-controllable EMAT, and the radius angle between any two receivers is 15 • . The racetrack coil is employed in the typical omnidirectional receiver, as shown in Fig. 6(c) . The diameter of the receiver coil is 35 mm, and there are 30 turns of windings in the receiver to obtain relatively larger signal amplitude. And the dimension of the receiver is small enough for 30 turns of windings to try to eliminate the influence of receiver's dimension on the performance of the direction-controllable EMAT. The distance from the direction-controllable EMAT to any of the receivers is l. The receivers convert the received SH0 mode waves into electrical signals, and then the signals are amplified and filtered by the signal conditioner. Then the detection signals are acquired by the data acquisition card, and finally the detection data are transferred to the PC to be processed and analyzed.
Detection data that are transferred to the PC can be represented as x(n), n = 1, 2, . . . , N , where N is the total number of the detection data points. In order to evaluate the strength of the received SH waves, the power of the detection data is defined as
Firstly, the directionality and the focus level are studied about the direction-controllable EMAT. The direction rotary knob is rotated to be at the position 90 • , and the distance between the directioncontrollable EMAT and receivers is l 1 = 0.5 m. The waveforms from the receiver at 90 • is shown in Fig. 7(a) . The first waveform is the initial pulse signal from space by the excitation current, and the second waveform is the received SH0 wave. Detection data from each receiver are transferred to the PC, and the power of each received detection data is calculated. The normalized power distribution of the detection data from each receiver is illustrated in Fig. 7(b) .
Normalized amplitude It is indicated in Fig. 7 (b) that most of the signal power is focused in the area around 90 • of the angular position, and it corresponds to the receiver that directly faces the stimulation direction of the new EMAT. The angular position is represented as θ here, and the point with maximum signal power is (θ m , p m ). The power threshold p t is defined here as p t = a * p m (5) where a is the power threshold factor, and it satisfies 0 < a < 0.5. The definition of the power threshold helps to evaluate the focus level of the directionality.
The angular thresholds are respectively defined as
The focus angle θ f is defined to describe that most power of the stimulated SH0 mode waves is situated in this angle range:
In this specific experiment where the angular position is 90 • , the power threshold factor is set as 0.2, and the calculated angular thresholds are 72.5 • and 107 • . Therefore, the focus angle at this experiment situation is 34.5 • .
Besides, the directionality and focus level may vary with the distance between the receivers and the new EMAT. The distance can be increased to l 2 to satisfy
where b is the comparing factor to guarantee that the distance l 2 is far enough, and the amplitude of the signal is fairly small. In this situation, the focus angle θ f can be calculated as
Further experiment is conducted with l 2 = 1.5 m, and the calculated θ f 2 is 10.7 • . Therefore, the focus angle considering the distance between the direction-controllable EMAT and receivers is 10.7 • .
Secondly, the circumferential consistency is considered about the direction-controllable EMAT. Except for the dead zone of the EMAT, the direction rotary knob is rotated from 284.37 • to 255.63 • , with 15 • as the step. Therefore, totally 23 receivers, except for the one at angular position 270 • , will respectively and directly face the direction of the rotary knob and receive the coming SH0 mode waves. The power of detection data from each receiver at each angular position is calculated. Fig. 8 shows the normalized power of each receiver.
Normalized power Figure 8 . The normalized power of each receiver for the circumferential consistency experiment.
It is indicated in Fig. 8 that the direction-controllable EMAT owns a fairly good consistency on the circumferential working angles. In order to quantify the circumferential consistency, the consistency error E c is defined
where M is the total number of the valid receivers, except for the one at angular position 270 • , so M = 23. And the calculated consistency error E c is 1.4%, which indicates a relatively small inconsistency for the working directions of the direction-controllable EMAT. Besides, in the circumferential consistency experiment based on the experimental system in Fig. 6 , the receiver at position 270 • is in the dead zone, and its two adjacent receivers are out of the dead zone, but they are quite close. The central angle between the two adjacent receivers is 30 • , which is bigger than the dead zone angle 28.74 • . Results in Fig. 8 illustrate that the two adjacent receivers can normally receive guided waves while the receiver at position 270 • cannot. This verifies that the dead zone angle is less than 30 • , which shows a good agreement with the physical definition of the dead zone.
CONCLUSIONS
This work proposes a novel direction-controllable EMAT for SH0 waves in steel plate based on magnetostriction. The technique background and practical requirement for direction-controllable EMAT are demonstrated. SH0 mode wave does not suffer from dispersion, and it is selected as the desired mode GW for the new EMAT. Theoretical analysis about the magnetostriction model of EMAT and working parameters determination are conducted. Then the detailed structure and design of the directioncontrollable EMAT are presented. The pre-magnetized open annular nickel strap is bonded to the steel plate to provide the circumferential static bias magnetic field. The dynamic magnetic field is provided by the cooperation of embedded conductors in the rotating slider and the open metal rings.
The experimental system for the performance verification of the new EMAT is set up. The dead zone angle, focus angle and consistency error of the new EMAT are defined to evaluate the performance quantitatively. Besides, the direction and focus level experiment and the circumferential consistency experiment are conducted based on the experimental platform. The dead zone angle of the new EMAT is 28.74 • , the focus angle 10.7 • , and the consistency error only 1.4%. Results show that the proposed direction-controllable EMAT is highly directional. The stimulating direction can be accurately controlled, and the circumferential consistency is fairly high. This direction-controllable EMAT can hopefully provide a practical and promising solution for directional monitoring and inspecting for steel plate structures.
